The worldwide decline over the last decade in the number of clinical cases of malaria does not mean an end to the universal problem of malaria pathogenesis in those afflicted by infection. Resistance to drugs, higher risk of disease relapse and failure to maintain effective memory of the pathogen in the absence of persistent exposure result in the repeated failure of anti-malarial treatments. The artificial blocking of transmission of the Plasmodium parasite between hosts from human to Anopheles mosquito, and vice versa, is crucial to restricting the spread of disease. However, a limited knowledge of the molecular mechanisms in operation for transmission of malaria has impeded progress towards a transmission-blocking vaccine. This review highlights the role of anti-malarial immune responses to antigen-specific targets for designing effective vaccines against the sexual stages of Plasmodium that occur within the invertebrate vector. In particular, artificial induction of gametocyte and ookinete apoptosis as a novel means to prevent gamete fertilization and oocyte development, respectively, is highlighted. This and other recent insights into our understanding of the molecular regulation of transmission-blocking immunity are discussed and future prospects considered.
Introduction
Malaria thrives in diverse climatic conditions ranging from temperate to tropical regions, such that this important parasitic disease of humans is currently reported to occur in over one hundred countries around the world. Of the estimated global population of 7.3 billion people [1] , 3.4 -3.7 billion are at risk of contracting malaria [2] [3]. It is routinely claimed that there are 300 -500 million clinical cases worldwide annually [4] . The 1 -3 million deaths that result equate to a death every 10 -30 seconds [5] . In terms of infection control, arguably as alarming is the statistical measure of the human population infected with malaria parasites, estimated to be around 1.5 billion [2] . The distribution of malaria is mainly among socioeconomically lower developed countries, further perpetuating their cycle of poverty. It is calculated to cost these endemic nations approximately US $12 billion a year [3] . Annual losses of 1.3% in global economic growth may be attributed in part to lost person hours and therefore to reduced productivity [6] . Furthermore, children who miss school suffer from an education deficit which ultimately affects their future employment prospects. Against this depressing backdrop, the World Health Organization has provided a measure of hope by revealing a global decline in the number of malaria cases in the past 15 years [2] . However, since the parasite has evaded successfully multiple attempts at control and eradication over several decades still novel approaches are required in order to elucidate fully the "what, why and how" of the malaria life cycle, transmission and infection [7] . Only then will researchers be best equipped to combat this major public health scourge.
Malaria: Parasite and Infection
Malaria is a vector-borne disease transmitted by female Anopheles mosquitoes and which causes an acute or relapsing infection of protozoan parasites of the genus Plasmodium [8] . P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi are the five species identified to produce clinical outcomes in humans. Of these, P. falciparum and P. vivax cause the most mortality and morbidity, respectively. Heterogeneity among species leads to different clinical symptoms [8] . Lethality is associated with increased risk of parasite resistance developing to current anti-malarial drugs [9] .
Species, strain and antigen specificity of the host immune response, compounded by clonal antigenic variation and geographical antigenic diversity, presents considerable challenges to the design of an effective malaria vaccine for prophylactic or therapeutic use in humans [7] . Nevertheless, candidate vaccines as well as available chemotherapy have met with qualified success in combating genetically related strains of Plasmodium. A compounding factor is that mixed infections of P. falciparum and P. vivax can take place within the one host [10] . However, it is not known which dominates and how the mode of infection varies in different individuals [11] . Since these distinct parasites share a common vector, from an evolutionary perspective such co-operative propagation of species suggests a mutual benefit from within-host competition [12] .
Malaria: Life Cycle and Stage-Specific Immunity
Plasmodium progresses through multiple transitions in alternating hosts, sexual reproduction taking place in the midgut of an Anopheles mosquito and asexual replication occur in the liver and peripheral blood of a vertebrate, including humans (Figure 1) . Infection within the liver is immunologically and clinically quiescent, disease pathogenesis occurring only when schizonts are released from the liver into the circulatory blood. It is the subsequent repeated cycle of intraerythrocytic vegetative growth and host cell rupture that gives rises to the characteristic influenza-like, paroxysmal symptoms of uncomplicated infection [8] .
When a mosquito ingests a blood meal from a malaria-infected person, male and female gametocyte stage parasites enter the midgut where they are enclosed by a newly synthesized peritrophic matrix. Intracellular male gametocytes exit their erythrocytic environment through a process of exflagellation that is triggered cumulatively by mosquito-derived xanthurenic acid, a lowering of body temperature and a commensurate rise in pH, whereupon fertilization soon follows. Within 24 hours a diploid zygote forms and further development and differentiation results in banana-shaped, motile ookinetes. From the midgut ookinetes penetrate the epithelium, reach the basal lamina and differentiate into oocysts. Multiplication through mitotic divisions over 7 -15 days may result in tens of thousands of motile, haploid sporozoites [13] . These migrate to the salivary glands and are injected into an individual's body when the now infectious mosquito next bites a human. This releases several sporozoites into the skin, where they may reside for up to six hours before migrating to other cellular locations Figure 1 . Schematic outline of stages of infection of the major human malaria parasite Plasmodium falciparum, highlighting antibody-mediated mechanisms of immunity against the sexual stages that transmission-blocking vaccines aim to induce. [14] . The parasite load released per mosquito bite, on average around a hundred sporozoites, determines the level of infectivity [15] .
Typically, around one third of sporozoites leave the skin and enter the lymphatic system while the remainder migrate to hepatocytes via the bloodstream [16] . In the liver, sporozoites reach specialized reticuloendothelial cells, Kupffer cells, where they undergo rapid asexual amplification to produce exoerythrocytic schizonts. This process of schizogony takes between 2 -10 days, depending on the species of Plasmodium [17] . Many mero-zoites form which are released back into the blood, invade erythrocytes and undergo a cycle of asexual replication that repeats every 46 -48 hours for P. falciparum, the deadliest of the human malaria species. A minority of merozoites leave this cycle and undergo sexual development into male and female gametocytes that are ready to transfer to a mosquito when it feeds on that person [13] .
At each stage different antigen-specific immunological responses perform protective (and possibly immunopathological), sterilizing and altruistic effects (Figure 1) . Harnessing each form of specific immunity plays a role in the overall strategy to control malaria, such that potentiation of a protective response underpins rational vaccine design [18] - [20] . The primary focus of this review is to discuss how by manipulating the molecular machinery of Plasmodium sexual differentiation transmission of gametes from a vertebrate host to the mosquito may be blocked, thereby providing a premise for transmission-blocking vaccines.
Regulation of Immunity and Potential for Blocking Transmission
Persons exposed persistently to malaria infections possess elevated levels of pro-inflammatory cytokines and complement components in their peripheral blood, which are ingested by a mosquito when feeding on an infected host [21] . This process leads to uptake both of sexual stage of parasites (gametocytes) and reactive immune molecules that negate the propagation and further differentiation of those gametocytes [21] [22] (Figure  2 ). This mechanism may achieve an effective blockade of transmission to the mosquito by activation of the immune molecules co-ingested in the blood meal [23] .
Among different pro-inflammatory cytokines that are stimulated by malaria infection, tumour necrosis factor-alpha (TNF-α) and interferon gamma (IFN-γ) rise appreciably with increased parasitic burden [23] (Figure  2) . Secreted by peripheral blood mononuclear cells, these cytokines cause a decline in gametocytic infectivity as the sexual stage parasites cannot infect the mosquito effectively due to their activity. An elevated concentration of TNF-α is also associated with upregulation of extracellular signal-mediated apoptosis and thus may provide a promising field of research for parasite transmission blockade (Figure 2) .
Molecular Biology of Gametogenesis
Gametocytes develop within 2 -10 days of primary malaria infection of a vertebrate host. Broadly, gametocyte development can be classified into five stages depending on the shape of the gametes and their genomics and proteomics [24] [25] . Each gametocyte resides within a host erythrocyte which it forces to adopt a crescent shape to accommodate it. The gametocyte is protected from the surrounding erythrocyte by a parasitophorous vacuolar membrane located next to the parasitic plasma membrane [26] . Gametocyte development in the vertebrate host is restricted at the G0 phase of the cell cycle and further cell differentiation takes place only when it enters the mosquito midgut [22] . Once there, a lowering of temperature by around 5˚C, the presence of the mosquito-derived molecule xanthurenic acid and a rise of pH to 8 combine toactivate gametocytes [27] . Gametocyte development is measured by exflagellation of male gametes around 15 minutes after exposure to the above mosquito-mediated activation factors [24] . During activation of gamete formation there is a sudden rise in levels of intracellular calcium and cyclic guanosine monophosphates [28] . Propagation of sexual stage parasites involves upregulated expression of two integral membrane proteins, guanylyl cyclases −α and −β [29] .
Current Transmission-Blocking Vaccines (TBVs)
Most current anti-malarial strategies aim to reduce clinical manifestations of the disease by lowering parasitaemia and decreasing parasitic density [30] . An increased parasite burden is facilitated by an immune compromised host and/or evasion of host immunity. Thus, determining deficits in the anti-malarial immune response may shed light on the parasite's strategies for propagation within the host.
An understanding of naturally acquired immunity and the role of premunition in eliciting a host response to Plasmodium has enabled considerable progress in designing vaccines against malaria by targeting the surface molecules of the parasite [31] . The major focus has been: 1) Control of disease via anti-malarial immunity, with lower morbidity and mortality rates; 2) Control of parasite propagation and parasite density leading to decreased pathogen burden. In order to achieve both these goals to control sexual stage transmission of the parasite from an infected host to a healthy host, there is a need to identify novel antigenic targets represented by parasite surface proteins, especially those expressed by the gamete stage or during ookinete to oocyte differentiation [30] . However, a major consideration is the species specificity of the vaccine-induced immune reactivity although this should aim to be equally effective against different genetically related strains or isolates within a species.
The finding that serum antibodies target surface antigens of extracellular gametocytes has been helpful in achieving blockade of parasite transmission in vertebrate hosts via malaria-infected mosquitoes [32] (Figure 3) . These antibodies are effective in eliciting a protective immune response during primary parasitic infection. Even during subsequent infection serum-mediated blockade of parasite transmission to the mosquito is pronounced [32] (Figure 3) . This has led to the emergence of a separate focus for vaccine development against malaria, that of TBVs [33] [34] .
Apart from targeting parasite surface antigens, much research effort is being channeled into trying to elucidate mechanisms to block parasite fertilization in the midgut. If successful, this would prevent formation of the zygote that matures to give rise to infective sporozoites, thereby providing a novel rationale for design of anti-malarial vaccines. One focus of this strategy is to induce blockade of the apoptosis of ookinetes, the mechanism involved in differentiation and development of oocytes, the parasite stage which invades the outer gut surface of the mosquito [35] .
Apoptosis of Malaria Sexual Stages
Apoptosis or programmed cell death involves induction of self-destruction of cells, leading to clearance of infection-associated cellular debris and also at times to de novo development of cells and tissues [36] [37] . The role of apoptosis in parasite propagation is poorly defined. Isolated slivers of information on apoptosis suggest a possible role for apoptosis in blocking transmission to the malaria mosquito from an infected vertebrate host [38] [39].
Research into apoptosis has examined Plasmodium gametocyte development and sex determination [40] . During differentiation into male and female gametocytes genetic clones commit to more male gametocytes and thereby apoptose female gametocytes [41] [42] . This characteristic feature of gametocyte development is known to increase the infectivity of each parasite clone [43] . However, such a model of shared evolution among malaria parasites indicates a competitive selection pressure which drives the advantage of a higher chance of infection [44] [45] .
In addition to the putative part played by apoptosis in sex determination of gametocytes, apoptosis is reported to occur during development of oocytes from ookinetes in the mosquito midgut [46] [47] . However, it is interesting to note that this form of apoptosis promotes rather than restricts parasite propagation. Simultaneously, in the host peripheral blood there is an upregulation of TNF-α, which is ingested by the mosquito along with gametes. Thus, as TNF-α is known to induce extracellular ligand-mediated apoptosis it is important to understand the role of this pro-inflammatory cytokine in regulating apoptosis in the mosquito midgut [48] .
Hypothesis for Arresting Sexual Stage Propagation
1) Over expression of TNF-α/IFN-γ in the host peripheral blood during parasitic infection interferes with gametocyte cell cycle arrest and thus can block transmission of sexual stages of Plasmodium to the Anopheles mosquito.
2) Upregulated TNF-α in the bloodstream of the vertebrate host limits gametocyte infectivity by inducing cell apoptosis (arrested in the G0 phase).
3) Inhibition of apoptosis (i.e. inhibition of initiator and executioner caspases [49] ) can block the development of ookinetes to oocytes in the mosquito midgut.
4) Although TNF-α is over expressed in the host prior to vertebrate transmission TNF-α-mediated apoptosis is inhibited. This may be due to the possible inhibition of apoptosome formation (facilitated by cytochrome c and apoptotic protease-activating factor 1).
Relevance of Model to Blocking Transmission
In order to realign a consolidated course of action that aims to effectively combat malaria, three principal outcomes of prior programs can be summarized: 1) Development of resistance by parasites to anti-malarial drugs and a higher risk of disease relapse, especially for P. falciparum and P. vivax;
2) A major breakdown of vector control programs, especially in tropical and subtropical countries; 3) Limitation to vaccine development targeting Plasmodium molecular moieties on the surface of mature erythrocyte stage parasites, gametes and sporozoites.
Overcoming the challenge of each of these roadblocks to controlling malaria is predicated on the realization that a lack of insight into the molecular mechanism(s) for arresting asexual and sexual propagation of parasites has worsened the scenario. Although available chemotherapeutic regimens limit asexual stage parasitaemia, notwithstanding growing drug resistance, sexual stage propagation in invertebrate hosts still remains largely unexplored and therefore of untapped potential as a target for intervention [20] .
Future Perspectives
Bridging the gap in knowledge relating to apoptosis of Plasmodium will underpin attempts to block transmission of malaria to the Anopheles mosquito. The successful prevention of differentiation of ookinetes into oocytes by apoptosis will inhibit propagation of sexual stages of the malaria parasite, thereby helping to reduce or even eliminate parasite transmission from an infected host to a healthy host via an intermediary Anopheles mosquito.
Advancing from our present understanding of how parasite burden can be lowered, targeting the molecular machinery of parasite propagation (both for sexual and asexual stages) may provide a novel strategy for malaria vaccine development [50] . In this context, a cohort of vertebrate host immune responses that includes upregulation of pro-inflammatory cytokines, mast cell degranulation, vasodilation of hepatocytes enabling higher infiltration of neutrophils and the role of cyclooxygenases and lipooxygenases is not well defined. Further research is required to determine if one or more has a role to play in potentiation of a protective response.
Conclusion
This review summarizes the current state of knowledge of blocking the transmission of the malaria parasite from the vertebrate host to that of the mosquito. Understanding how apoptosis may be triggered in order to prevent fertilization of Plasmodium gametes inside the mosquito's midgut as well as what favours senescence instead of apoptosis within the human host will provide important information to facilitate the design of both effective therapies for infected patients and prophylactic transmission-blocking vaccines to restrict spread of malaria within a local community.
